Until recently, information on antibiotic pharmacokinetic properties in infected human lung tissue was limited. We therefore studied a microdialysis-based approach for measurement of the penetration of meropenem into the extracellular space fluid of human pneumonic lung parenchyma. The lung penetration of meropenem was determined for seven patients with pneumonia and metapneumonic pleural empyema treated by decortication. Intraoperatively, two microdialysis probes were inserted into pneumonic lung tissue and one was inserted into healthy skeletal muscle for reference values. 
Despite advances in antibiotic development, lower respiratory tract infections and their associated severe complications, such as metapneumonic empyema, are still major clinical problems (18) . Appropriate antibiotic treatment is probably the most effective single measure for dealing with lower respiratory tract bacterial infections. Antibiotic selection should be based on a number of criteria, including suspected causative pathogens and their likely antibiotic susceptibility patterns, the intrinsic antibacterial activities of available drugs, clinical factors (such as length of hospitalization and previous antibiotic usage), and the pharmacokinetic properties of antibiotics.
Indeed, unless an antibiotic is able to both sufficiently penetrate the target site and maintain an appropriate concentration in the tissue, it may fail to be clinically effective despite the documented in vitro susceptibility of the involved pathogen (5) . In addition to causing therapeutic failure, the combination of high in vitro antibiotic MICs for causative pathogens (20) and suboptimal target site antibiotic concentrations may trigger the emergence of bacterial resistance (17) .
Various methods have been developed to quantify the process of penetration of antibiotics into lung tissue. Concentrations of antibiotics have been measured in sputum samples (6, 9, 19, 28) , bronchoscopically harvested biopsy specimens, and bronchoalveolar lavage fluids (15, 32) . More sophisticated approaches include the determination of antibiotic concentrations in epithelial lining fluid (4, 35) or in alveolar macrophages (12, 13) . Recently, imaging procedures such as planar gamma scintigraphy (21) and positron emission tomography (39) were applied to support the definition of optimal dosing schedules for respiratory tract infections. A considerable disadvantage of these methods is their inability to discriminate between the free (and microbiologically active) and the bound (and microbiologically inactive) fractions of an antibiotic. Moreover, a clear determination of the concentration of an antibiotic in the interstitial space fluid of lung tissue, the very target site of infection, is not possible.
In vivo microdialysis enables the distributions of a large variety of chemical entities to be studied in many different clinical settings (20) . Its particular advantage in the management of pulmonary infections lies in the potential opportunity to determine the free drug fraction in the interstitial space fluid of human lung tissue, the very target site of both bacterial infection and antibiotic action (14, 27) . Based on these considerations and new data for noninfected lung tissue (14) , we studied the technical feasibility of microdialysis and its ability to define the pharmacokinetic properties of antibiotics in interstitial pneumonic lung tissue in patients with pneumonia and undergoing surgery for consecutive episodes of metapneumonic empyema. The carbapenem meropenem was studied because it is a well-tolerated, broad-spectrum antibacterial agent which is well established for the empirical monotherapy of pneumonia, particularly in intensive care units (11, 33) , and has no significant protein binding.
MATERIALS AND METHODS
The local ethics committee at the Medical Faculty of the University of Graz approved this study. All patients were given a detailed description of the study, and their written informed consent was obtained. The study was performed in accordance with the Declaration of Helsinki and the Good Clinical Practice Guidelines of the European Commission.
Patients with sepsis (according to the criteria of the ACCP/SCCM Consensus Conference Committee) (7) due to pneumonia and metapneumonic pleural empyema that necessitated decortication over a lateral thoracotomy (1, 23, 30) were eligible for inclusion in the study. The diagnosis of metapneumonic empyema was based preoperatively on the presence of intrapleural fluid accumulation and pulmonary opacities on chest roentgenograms; increased density of intrapleural fluid with loculations, pleural callosities, accentuated contrast medium enhancement, and pulmonary infiltrates on computed tomography scans; and pus recovered by thoracocentesis. Pleural fluid biochemical parameters were required to fall within the following limits: pH, Ͼ7.10; lactate dehydrogenase level, Ͼ1,000 IU/liter; glucose level, Ͻ40 mg/dl; protein level, Ͼ2.5 g/dl; and white blood cell count, Ͼ500/ml.
The principles of microdialysis were described in detail previously (22, 26) . In brief, microdialysis is based on the sampling of analytes from the extracellular space by means of a semipermeable membrane at the tip of a microdialysis probe. The probe is constantly perfused with a perfusion solution at a constant low flow rate. Once the probe is implanted into the tissue, substances present in the extracellular fluid will be filtered by diffusion out of the extracellular fluid and into the probe, resulting in a dialysate in the perfusion medium. By fractionation of collected samples, pharmacokinetic parameters for specific tissues can be determined.
For most analytes, the equilibrium between tissue extracellular fluid and the perfusion medium will be incomplete, so that the concentration in the extracellular fluid will be greater than the concentration in the perfusion medium. The factor interrelating the concentrations is termed recovery. The individual in vivo recovery, a calibration of the microdialysis probes, can be assessed by using the retrodialysis method (20, 26, 34, 38) . This method is based on the assumption that the process of diffusion through the semipermeable membrane is equal in both directions.
We started antibiotic treatment with meropenem during the preoperative phase, including the interval of transfer and the diagnostic and functional evaluations of the patients. All patients received exclusively meropenem for the study phase. Patients received 1 g of meropenem (AstraZeneca, Vienna, Austria) intravenously (i.v.) as a 20-min infusion every 8 h. In each patient, two microdialysis probes (CMA, Stockholm, Sweden) were placed percutaneously under direct vision 2 cm apart well into pneumonic tissue (Fig. 1) at the end of the operation, directly before the planned fifth dose of meropenem. For reference tissue measurements, an additional probe was inserted into healthy skeletal muscle (contralateral pectoralis major muscle). By use of a microinfusion pump (Precidor; Infors-AG, Basel, Switzerland), the in situ probes were constantly perfused with Ringer's solution at a flow rate of 1.5 l/min. Microdialysis was started approximately 30 min after probe insertion, and the patients were monitored on the intensive care unit. For calibration, prior to the systemic administration of the study drug, the probes were perfused for 20 min with a solution of the drug, resulting in diffusion from the lumen into the tissue. The concentrations of the study drug in the lungs and in the muscle were adjusted for this individual recovery.
After a sufficient washout period for the system, meropenem was administered i.v. at a dose of 1 g over 20 min. Sampling of dialysates and venous blood was performed at 20-min intervals for a period of 8 h. Blood samples were collected in plastic tubes and were immediately centrifuged at 1,600 ϫ g for 5 min. Serum and dialysate samples were shock frozen and stored over liquid nitrogen until analysis. Meropenem was assayed by using a previously published and validated high-pressure liquid chromatography method with a limit of detection of 1 mg/liter (28) .
After the microdialysis procedure, all of the cannulas were removed. Interstitial drug concentrations were calculated as sample concentration ϫ (in vivo recovery)
Ϫ1 . The following pharmacokinetic parameters were calculated by using the commercial software Kinetica version 3.0 with noncompartmental analysis: maximum 
RESULTS
From February 2002 to September 2002, seven male patients were included in the study. Patients had a mean age of 58.7 years (range, 30 to 75 years), a mean body weight of 72.3 kg (range, 68 to 87 kg), and a mean body mass index of 22.6 (range, 19 to 25). Staphylococcus aureus, Streptococcus pneumoniae, Pseudomonas aeruginosa, Enterobacter aerogenes, and Klebsiella spp. were isolated as the causative pathogens by routine preoperative bronchoalveolar lavage and/or by diagnostic pleural puncture.
Because of technical reasons, in four of the seven patients, microdialysis samples were available from only one lung probe. For each of the other three patients, the mean of the results of the two probes was used in the calculations. Figure 2 shows the concentration-time curves for meropenem in serum, lung, and skeletal muscle following the fifth i.v. infusion of meropenem. The MICs at which 90% of the organisms were inhibited in vitro (MIC 90 s) for S. pneumoniae and P. aeruginosa are superimposed on Fig. 2 . The major pharmacokinetic parameters for meropenem are summarized in Table 1 . Meropenem rapidly penetrated infected lung tissue, reaching maximal concentrations in interstitial lung fluid of 11.4 ϫ 10.9 mg/liter within a mean of 0.16 h. The AUCs of meropenem in interstitial lung fluid and in muscle tissue were approximately two-fifths and three-fifths, respectively, that attained in serum. There was a statistically significant difference between the AUCs in lung fluid and serum (P ϭ 0.018) but not between the AUCs in muscle tissue and serum.
No technical problems were encountered during the microdialysis procedure. The probes were removed after discontinuation of the perfusion (after a maximum of 11 h). All patients were discharged within a median of 11.3 days (range, 8 to 23 days) without any recurrence of empyema (median follow-up, 10.5 months). No adverse effects related to microdialysis were observed. 
DISCUSSION
Antibiotic penetration to the target site is one of the most important determinants of the anti-infective drug effect. This is why, for both drug development and daily clinical routines, several trials have been performed to optimize the drug load at the site of infection.
In cases of lower respiratory tract infections, chemical analysis of sputum (6, 9, 28) and analyses of tissue biopsy specimens and bronchoalveolar lavage fluid (15, 32) , epithelial lining fluid (4, 35) , and alveolar macrophages (12, 13) have been performed to obtain information about the penetration of antibiotics into the lungs (3, 16) . However, the determination of concentrations of antibiotics in sputum is unreliable. Various studies demonstrated considerable variability in the absolute concentrations of antimicrobial agents in sputum, even when identical classes of antimicrobial agents were considered (6, 9, 28) . Furthermore, although the determination of antibiotic concentrations in bronchial biopsy specimens is comparatively easy and shows better reproducibility than sputum analysis, it has limited clinical relevance, since it provides no information on the relative drug concentration in the interstitial fluid. Measurement of antibiotic concentrations in epithelial lining fluid involves many logistical problems, the major one being determination of the relative volume of epithelial lining fluid recovered by bronchoalveolar lavage.
Thus, none of the above-mentioned methods has enabled accurate insight into the pharmacokinetic profiles of the antibiotics in question, determination of drug concentrations in the interstitial space, or discrimination between the unbound and the bound drug fractions. Microdialysis is a promising in vivo technique for accurately measuring the free, unbound concentrations of various molecules (22, 25, 37) , ensuring continuous determination of concentrations in interstitial space fluid in a defined target tissue (31) . This property allows relevant data on both pharmacokinetic profiles and pharmacologically active concentrations of substances to be obtained.
Accordingly, a Food and Drug Administration advisory committee recently acknowledged that microdialysis might be a potentially attractive approach for clinical studies on the tissue distributions of antimicrobial drugs (10, 24, 36) .
In the present study, the concept of microdialysis was successfully applied in a clinical setting-determining the free concentration of meropenem in the infected lung. Meropenem, characterized by a low level of protein binding, has good activity against a wide spectrum of pathogens frequently found in pleural metapneumonic empyema, such as S. aureus (methicillin susceptible; MIC 90 (29) . This agent has been successfully used as monotherapy for the treatment of bacterial lung infections in critically ill patients (2, 29) .
In the present study, meropenem was administered at a dose of 1 g every 8 h, as recommended by the manufacturer. At this dosage, sufficient concentrations of unbound meropenem were found in the interstitial space fluid of infected lung tissue in patients with metapneumonic empyema. The concentrations of meropenem in tissue were maintained above the MIC 90 threshold for many clinically relevant pathogens, including S. aureus, S. pneumoniae, P. aeruginosa, E. aerogenes, and K. pneumoniae, for up to 6 h (i.e., 80% of the dosing interval). For ␤-lactam antibiotics, including the carbapenems, the time during which the antibiotic concentration remains above the MIC for the infecting pathogen has been found to positively correlate with good clinical outcome (R. Walker, D. Andes, R. Cinklin, S. Ebert, and W. Craig, Abstr. 34th Intersci. Conf. Antimicrob. Agents Chemother., abstr. A91, 1994). For meropenem, it is thought that maximal bacterial killing is attained when free drug levels are maintained above the MIC for the infecting pathogen for approximately 30% of the dosing interval (P. K. Dandekar, D. Maglio, C. A. Sutherland, C. H. Nightingale, and D. P. Nicolau, Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. A1388, 2002). The concentrations of meropenem in tissue were lower than those in serum because meropenem was not distributed homogeneously in this cohort. This point will be pursued in future studies by current and planned investigations.
Since both treatment failure and the development of resistant microorganisms may result from insufficient concentrations of antibiotics in tissues, the results from microdialysis can offer relevant information necessary for the future modification of dosages and intervals of application. From the technical point of view, microdialysis can be applied to pharmacokinetic studies dealing with target tissues and organs that are accessible to controlled puncture. Thoracic surgery in metapneumonic pleural empyema offers the ideal option, since microdialysis probes can be inserted under direct vision into the pneumonic tissue.
The procedure was well tolerated in our patients. Despite probes being in situ for up to 12 h, no complications or side effects attributable to microdialysis could be observed. Even the removal of the microdialysis probes did not cause any pain to the patients.
In conclusion, microdialysis, which has been applied in a clinical setting-the infected human lung-is a practical and useful method for measuring the concentrations of antibiotics in lung interstitial fluid. With this method, meropenem has been shown to achieve good penetration into the lung interstitial fluid of patients with pneumonia and consecutive episodes of metapneumonic empyema.
